Models of central nervous system (CNS) function have historically been based on neurons and their synaptic contacts -the neuronal doctrine. This doctrine envisages glia as passive supportive cells. However, electrophysiological and imaging studies in brain slices show us that astrocytes, the most numerous cells in the brain, express a wide range of neurotransmitter receptors that are activated in response to synaptic activity. Furthermore, astrocytes communicate via calcium signals that are propagated over long distances by the release of 'gliotransmitters', the most abundant being adenosine triphosphate (ATP). This has led to the concept of the neuron-astroglial functional unit as the substrate of integration in the CNS. Recently, a novel glial cell type has been characterized by expression of the proteoglycan NG2. These NG2-glia receive presynaptic input from neurons and responds to neurotransmitters released at synapses. Now, studies on transgenic mice in which fluorescent proteins are specifically expressed by subclasses of glia are helping to address the question of where NG2-glia fit in the neuron-astroglial model of integrated brain function. NG2-glia, as well as astrocytes, have been shown to respond to neuronal and astroglial signals by raised intracellular calcium, which is a potential communications mechanism by which NG2-glia may be active partners in neuron-glial circuits. Moreover, a current concept of NG2-glia considers them to be 'neural stem cells' and an exciting prospect is that neuron-glial signalling may regulate the differentiation capacity of NG2-glia and their response to injury.
Introduction
Glial cells express a range of neurotransmitter receptors that are coupled to elevations in intracellular [Ca 2+ ] (Verkhratsky & Kettenmann, 1996; Deitmer et al. 1998; Alberdi et al. 2005; Butt 2006) . Glutamate released at synapses evokes Ca 2+ signals in neighbouring astroglia, which activates various signalling pathways that can regulate their release of neurotransmitters (Araque et al. 1999; Haydon, 2001) . Astroglia release the excitatory neurotransmitters glutamate and adenosine triphosphate (ATP) (Nedergaard, 1994; Parpura et al. 1994) , and the latter is metabolized by ectonucleotidases to adenosine, which can be inhibitory for neurons (Newman, 2004; Pascual et al. 2005) . A single astroglial cell can contact multiple synapses and so a Ca 2+ signal evoked in response to glutamate released at one synapse can result in the release of transmitters from astroglia to exert excitatory or inhibitory effects on other synapses contacted by the same cell (Newman, 2004; Pascual et al. 2005) . Moreover, Ca 2+ signals are propagated over long distances through the astroglial syncytium, both through gap junctions and by the release of ATP, so that astroglia can influence neuronal activity at synapses distant to the initiating synaptic event (Dani et al. 1992; Cotrina et al. 2000; Newman, 2003) . This is the functional substrate by which astroglia may serve as active partners to neurons in information processing and integration. Recent studies show that NG2-glia also contact synapses and nodes of Ranvier, and respond to neuronally released neurotransmitters (Butt et al. 1999; Bergles et al. 2000; Lin et al. 2004; Ziskin et al. 2007 ).
NG2-glia are therefore a further element in neural circuits and this review will focus on their morphological and physiological interactions with astroglia and neurons.
Relation of NG2-glia to oligodendrocyte and neural precursors
NG2-expressing cells were first identified as oligodendrocyte progenitor cells (OPC) on the basis of their antigenic phenotype (Levine & Stallcup, 1987) and are equivalent to oligodendrocyte-type-2 astrocyte (O-2A) cells, which can differentiate into oligodendrocytes or type-2 astrocytes, depending on culture medium (Raff et al. 1983) . In vivo studies on the rodent brain have provided evidence that NG2-expressing OPCs give rise to myelin-forming oligodendrocytes, but a substantial population of NG2-expressing glia persist in the adult central nervous system (CNS); these have been termed 'synantocyes' or 'polydendrocytes' Nishiyama et al. 2005 ), but here we will use the more general term 'NG2-glia'. Adult NG2-glia in vivo are probably equivalent to the O-2A cells isolated from adult CNS by ffrench-Constant & Raff (1986) , which can be driven in vitro to generate oligodendrocytes and astrocytes; Fulton et al. (1992) identified adult O-2A cells in vivo in the optic nerve using cobalt uptake through AMPA-type glutamate receptors and these are morphologically identical to NG2-glia subsequently described in the optic nerve (Butt et al. 1999 ). Furthermore, studies in transgenic mice in which expression of green fluorescent protein (GFP) was driven by glial fibrillary acidic protein (GFAP) or 2 ′ ,3 ′ -cyclic nucleotide 3 ′ -phosphodiesterase (CNP) indicated that NG2-glia have some astroglial properties (Matthias et al. 2003; Grass et al. 2004 ) and may contribute to the genesis of neurons (Belachew et al. 2003; . Hence, OPCs/NG2-glia have the capacity to be multipotent neural stem cells (Kondo & Raff, 2000; Belachew et al. 2003 (Ziskin et al. 2007 ). In the other mouse line, astrocytes were identified by enhanced green fluorescent protein (EGFP) expressed under the control of the human GFAP promoter (Nolte et al. 2001 ).
In NG2/DsRed mice, immunolabelling confirmed that the vast majority of DsRed+ cells are labelled by anti-NG2
antibodies (Fig. 1A,B) , consistent with previous findings (Ziskin et al. 2007) ; the NG2 CSPG is also expressed by pericytes surrounding the brain microvasculature, and so both NG2-glia and blood vessels express DsRed.
Notwithstanding this, the entire cellular morphology and process aborization of NG2-glia are clearly resolved by DsRed expression and by immunohistochemistry (Fig. 1A,B ). In contrast, there is not perfect co-localization of GFAP immunolabelling and expression of EGFP; there are numerous GFAP+/EGFP-cells and EGFP expression appears greatest in protoplasmic astrocytes (Fig. 1C) ; due to the particular cell line, the transgenic expression labels astrocytes (GFAP+) but also some NG2-glia, thereby suggesting that NG2-glia and astrocytes have some common properties (Matthias et al. 2003; Grass et al. 2004 ). However, the beauty of EGFP is that it is distributed throughout the whole cell, contrasting dramatically with GFAP immunohistochemistry, which labels only the major processes of astrocytes and gives no idea of their true morphological complexity (Fig. 1D ).
NG2-glia and astrocytes are both stellate cells and have similar distributions throughout the grey and white matter (Fig. 2) . However, NG2-glia and astrocytes differ in the organization of their process arborizations and structure. NG2-glia emanate fine processes that first branch close to the cell body ( ≤ 10 µ m), and appear to bifurcate repeatedly and taper to form ≥ 50 termini within approximately 50 µ m of the cell body ( Fig. 2A ).
Astrocytes have four or more dense primary processes, which branch in an alternate fashion, and bear numerous fine collateral processes (Fig. 2B) ; the primary processes contain the GFAP intermediate filament and are therefore GFAP-immunopositive, whereas the fine processes cannot be visualized by GFAP immunolabelling (Fig. 1D ).
NG2-immunopositivity has been reported in dimly
EGFP-expressing cells in the hippocampus and brain stem (Matthias et al. 2003; Grass et al. 2004 ). We did not observe NG2 immunolabelling in brightly EGFP+ astrocytes ( Fig. 2C,D) , nor did we observe GFAP immunopositivity in DsRed+ NG2-glia ( Fig. 2E,F ).
Anatomical and physiological interactions between NG2-glia, astroglia and neurons
The anatomical relations between NG2-glia, astroglia (Grosche et al. 1999 (Grosche et al. , 2002 . NG2-glia are located throughout the white matter, granular cell layer and molecular layers (Fig. 3D ). NG2-glial cell processes extend radially through the molecular cell layer to form multiple associations with Bergmann glia (Fig. 3E) and with Purkinje cells (Fig. 3F,G) . Ultrastructural and electrophysiological studies have shown that these NG2-glial cell processes contact synapses between climbing fibres and Purkinje cells (Lin et al. 2004 ).
Equivalent synaptic relations have been demonstrated in the hippocampus (Bergles et al. 2000) , and it is conceivable they exist throughout the CNS. Excitatory synapses are formed by parallel and climbing fibres impinging on the dendritic tree of Purkinje cells in the molecular layer of the cerebellum. Bergmann glia and NG2-glia contact or even intimately enwrap these synapses and respond to synaptic activity (Grosche et al. 1999; Lin & Bergles, 2004) , and are therefore functional elements in the cerebellar network. However, Bergmann glia and NG2-glia differ dramatically in their relations with neurons. A single Purkinje cell is served by multiple Bergmann glia (Fig. 4A) , which extend processes in parallel to the Purkinje cell dendritic tree, and each
Bergmann glial cell contains many hundreds of independent microdomains which are capable of autonomous interactions with the synapses they ensheath (Grosche et al. 1999 (Grosche et al. , 2002 . In contrast, NG2-glia have radially orientated processes, with domains that encompass multiple Bergmann glia and Purkinje cells (Fig. 4B ).
NG2-glia receive inputs from multiple climbing fibres (Lin et al. 2004) . These interrelations between NG2-glia, astroglia and neurons in the cerebellum are illustrated in Fig. 5 . In the adult mouse cerebellum, the width of the entire molecular layer is served by one or two NG2-glial cells, which cover non-overlapping domains up to 100 µ m in diameter. It seems unimaginable that a single NG2-glial cell contacts all of the synapses within its domain (many millions), but this awaits a systematic study; cortical protoplasmic astrocytes cover the synapses of approximately 90 000 synapses within their domain (Oberheim et al. 2006) , and they have a far more complex process geometry than NG2-glia ( Fig. 2A,B) . NG2-glia have fairly uniform morphology and distribution throughout the brain, suggesting NG2-glia may serve the same functions in the different brain regions. For example, in the hippocamus, NG2-glia have a similar morphology and density as in cerebellum , and receive glutamatergic synaptic input from neurons (Bergles et al. 2000) . In the hippocampus and cerebral cortex, both astrocytes (of the protoplasmic type) and NG2-glia are organized in radial domains (see Figs 1 and 2 ), but whereas the domains of the same cell type overlap very little, those between astrocytes and NG2-glia overlap completely (e.g. Fig. 2D ).
Domain organization in astrocytes is considered to be important for integrated activity at the synapses within their domain (Oberheim et al. 2006) and it may serve the same purpose in NG2-glia. In addition, NG2-glial cell domains may also serve to interconnect astroglial domains, or vice versa, as astrocytes communicate with NG2-glia (see below).
The which is the hallmark of synaptic plasticity in neurons and underlies memory (Ge et al. 2006 ). Thus, NG2-glia are anatomically and physiologically integrated into neural networks, but it remains to be seen if they do more than follow neuronal activity.
Glutamate and ATP in astroglial and NG2-glial cell physiology and pathology
Astroglia communicate by Ca 2+ signals propagated by the release of the 'gliotransmitter' ATP, which is the functional substrate of integrated neuron-astroglial units. We have therefore examined whether NG2-glia also display Ca 2+ signalling in the optic nerve ( Fig. 6 ; Hamilton, 2006) . Astrocytes and NG2-glia both contact (B) NG2-glia process domains encompasses multiple Bergmann glia and form intricate associations with the processes of Bergmann glia that ensheath synapses (inset). NG2-glia receive inputs via these processes from multiple climbing fibres (Lin et al. 2004 ). Scale bar = 15 µm.
nodes of Ranvier, the sites of action potential propagation and only areas of axolemma not covered by myelin in the optic nerve, and therefore the site for direct signalling from axons to astrocytes and NG2-glia (Butt et al. 1994 (Butt et al. , 1999 . In addition, vesicular release of glutamate from unmyelinated axons has been shown to evoke AMPA receptor-mediated currents in NG2-glia (Ziskin et al. 2007 ). In myelinated axons, each node of Ranvier is contacted by the perinodal microprocesses of astrocytes and NG2-glia, and individual astrocytes and NG2-glia contact multiple nodes of Ranvier (Butt et al. 1994 (Butt et al. , 1999 . Astrocytes and NG2-glia in the mouse optic nerve display spontaneous Ca 2+ signals (Fig. 6A) , and elevations in [Ca 2+ ] i are evoked in response to electrical stimulation of axons (Fig. 6B) . Calcium signals in astrocytes and NG2-glia are mediated by glutamate and ATP (Fig. 6C) ; glutamate acts on both AMPA-and NMDA-type glutamate receptors in OPCs/NG2-glia and in astrocytes (Karadottir et al. 2005; Hamilton, 2006; Ziskin et al. 2007) , and ATP acts on P2X 7 and P2Y 1 receptors (James & Butt, 2002; Hamilton, 2006) . In addition, we have shown that ATP acts as a 'gliotransmitter' in the optic nerve propagating Ca 2+ waves from astrocytes and to neighbouring NG2-glia (Fig. 6D ). In these experiments, mechanical stimulation of astrocytes with a sharp microelectrode elicited a wave of Ca 2+ that passed from cell to cell, including DsRed+ NG2-glia and EGFP+ astrocytes located within 100 µ m of the stimulus source, and which were markedly (and reversibly) inhibited by suramin (Fig. 6D ). These studies on transgenic mice show for the first time that neuronal activity triggers Ca 2+ signals in NG2-glia in situ , and provide evidence of ATP (gliotransmitter)-mediated communication between astrocytes and NG2-glia.
Glutamate-and ATP-evoked Ca 2+ signalling provide mechanisms by which the overlapping domains of neurons, astroglia and NG2-glia are functionally connected. In astrocytes, this couples astroglial functions with neuronal activity, for example stimulating K + uptake, glutamate uptake and glycogenolysis, and modulating neuronal activity (Verkhratsky & Kettenmann, 1996; Deitmer et al. 1998 ). NG2-glia are not known to perform these astroglial functions. However, several studies provide evidence of roles for ATP and glutamate in the regulation of OPC differentiation and, by extension, they may regulate the neuro/gliogenic potential of NG2-glia, in their capacity as neural stem cells (see above).
Adenosine and ATP released during action potential propagation regulate differentiation of OPCs into oligodendrocytes, adenosine stimulating differentiation directly, whereas ATP acts indirectly by stimulating astrocytes to release leukaemia inhibitory factor (LIF) (Stevens et al. 2002; Ishibashi et al. 2006) . Conversely, activation of AMPA receptors inhibits OPC proliferation and lineage progression (Borges et al. 1994; Gallo et al. 1996; Yuan et al. 1998 ). Thus, glutamate released at synapses may serve to maintain NG2-glia in a quiescent state, whereas ATP could stimulate proliferation and differentiation.
Over-activation of AMPA (and NMDA) receptors and P2X 7 purinoreceptors by high levels of glutamate and ATP, such as occur in pathology, trigger sustained Ca 2+ influx in OPCs and astrocytes (James & Butt, 2002; Alberdi et al. 2005) . This may trigger cell death (Alberdi et al. 2005 ), but there is evidence in astrocytes that activation of purinoceptors may also stimulate reactive gliosis (Franke et al. 2001) . Notably, NG2-glia undergo cell proliferation and hyperplasia following neuronal damage in the CNS (Tan et al. 2005) , and it is possible that neurotransmitter-mediated Ca 2+ influx may be involved in the injury response of NG2-glia.
Fig. 6
Stimulation of axons in the optic nerve evokes calcium signalling in astrocytes and NG2-glia. Optic nerves from GFAP-EGFP mice and NG2-DsRed mice aged P15 were isolated intact and loaded with the calcium-sensitive dye fura-2, as described previously (James & Butt, 2002) . Cells were imaged on an Olympus upright microscope (BX50W1), and visualized using an Achroplan ×20 water immersion lens and excited alternately at 340 and 380 nm, using a Cairn monochromator (Cairn Research Ltd, UK). Emissions were detected at 510 nm using a Photometrics S-Coolsnap CCD camera (supplied by Cairn Research Ltd, UK). The monochromator and the CCD camera were controlled and synchronized by Axon Imaging Workbench 5.1 (Axon Instruments), and quantitative measurements were made using the same program. (A) Measurements were made from EGFP+ astrocytes and DsRed+ NG2-glia, and calcium variations expressed as the change in ratio after background subtraction (F340:F380). Spontaneous [Ca 2+ ] i oscillations were observed in both EGFP+ astrocytes and DsRed+ NG2-glia. (B) Electrical stimulation of the optic nerve to evoke axonal action potentials resulted in a rapid increase in [Ca 2+ ] i in EGFP+ astrocytes and DsRed+ NG2-glia, which was sustained for the duration of the stimulus. (C) Bath administration of 100 µM ATP or glutamate evoked raised [Ca 2+ ] i in EGFP+ astrocytes and DsRed+ NG2-glia. (D) Mechanical stimulation of the optic nerve with a sharp microelectrode triggered raised glial [Ca 2+ ] i that was inhibited by the purinoreceptor antagonist suramin, indicating that ATP released by astrocytes propagates a calcium wave that passes to NG2-glia. It remains to be seen whether NG2-glia are also important in integrative neuronal activity.
Conclusions

